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ConnecticutABSTRACT The cylindrical outer hair cell (OHC) of Corti’s organ drives cochlear amplification by a voltage-dependent activa-
tion of the molecular motor, prestin (SLC26a5), in the cell’s lateral membrane. The voltage-dependent nature of this process
leads to the troublesome observation that the membrane resistor-capacitor filter could limit high-frequency acoustic activation
of the motor. Based on cable theory, the unique 30 nm width compartment (the extracisternal space, ECS) formed between the
cell’s lateral membrane and adjacent subsurface cisternae (SSC) could further limit the influence of receptor currents on lateral
membrane voltage. Here, we use dual perforated/whole-cell and loose patch clamp on isolated OHCs to sequentially record cur-
rents resulting from excitation at apical, middle, and basal loose patch sites before and after perforated patch rupture. We find
that timing of currents is fast and uniform before whole-cell pipette washout, suggesting little voltage attenuation along the length
of the lateral membrane. Prior treatment with salicylate, a disrupter of the SSC, confirms the influence of the SSC on current
spread. Finally, a cable model of the OHC, which can match our data, indicates that the SSC poses a minimal barrier to current
flow across it, thereby facilitating rapid delivery of voltage excitation to the prestin-embedded lateral membrane.INTRODUCTIONThe outer hair cell (OHC) provides a unique function for
mammalian hearing, underlying a 40–60 decibel boost
that enhances our ability to detect and discriminate among
sounds, namely, cochlear amplification (1). The structure
of the OHC is likewise unique, being cylindrical and
ranging in length over tens of micrometers depending
on tonotopic location along the cochlea spiral, reaching
~90 mm in the apical OHC of the guinea pig. The lateral
wall of the OHC, composed of the lateral plasma membrane,
cortical cytoskeleton, and subsurface cisternae (SSC), hosts
a restricted subplasmalemmal compartment of 30–50 nm
width, termed the extra cisternal space (ECS) (2,3). This
ECS is an interesting compartment because prestin, the mo-
lecular motor that drives OHC electromotility, resides in the
adjacent plasma membrane, with its C- and N-terminals and
its anion-binding site projecting into the space (4–6). Prestin
contributes to the lateral membrane’s capacitance, not only
linearly, due to its abundant occupancy increasing surface
area (7,8), but nonlinearly because of the electrical signature
of prestin activity, namely, nonlinear capacitance (NLC)
(9,10). Previous modeling efforts have attributed special
electrical characteristics to the ECS (11,12), but they did
not include NLC in the lateral plasma membrane.
One recurring concern with the voltage-dependent nature
of OHC electromotility is the membrane resistor-capacitor
(RC) filter effect on the driving force (sound-induced recep-Submitted September 11, 2014, and accepted for publication December 8,
2014.
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0006-3495/15/02/0568/10 $2.00tor potentials) for prestin activation. Indeed, it has been esti-
mated that OHC mechanical responses would be 20 dB less
than basilar membrane movements at high acoustic fre-
quencies (13). Since then, a number of solutions to the RC
problem have been proposed, in an attempt to confirm
high frequency, cycle-by-cycle voltage drive for the cochlea
amplifier. The presence of the SSC/ECS might also interfere
with voltage delivery to the lateral membrane, presenting
barriers to receptor current flow. In this report, we directly
investigate the influence of the SSC/ECS on OHC electrical
behavior. Using dual voltage clamp on isolated OHCs, we
find that whole-cell recording via perforated patch records
equally fast responses from electrical stimulation of the
lateral membrane along its entire length via loose patch. Ca-
ble modeling indicates that the SSC barrier does not limit
current spread to the ECS, thereby facilitating efficient
and rapid delivery of voltage drive to the molecular motors
within the lateral membrane.MATERIALS AND METHODS
Experiment
Electrical measurements were made with modifications to the approach
used by Anson and Roberts (14). Three types of electrode arrangements
were used—perforated patch whole-cell recording followed by patch
rupture into standard whole-cell mode, each accompanied by roving loose
patch voltage stimulation. Specifically, two electrodes were patched onto
isolated OHCs simultaneously: a perforated patch electrode (gramicidin,
25 or 50 mg/ml) initially served as the recording electrode (holding potential
at 0 mV), and a loose patch electrode placed at three locations along the
lateral membrane to deliver voltage stimulations. Subsequently, the perfo-
rated patch electrode was ruptured to make recordings under standard
whole-cell mode. The perforated patch permitted replacement ofhttp://dx.doi.org/10.1016/j.bpj.2014.12.010
Fast OHC Lateral Membrane 569intracellular cations with those of pipette cations, notably Na to inhibit K
currents in the basal membrane, thus reducing their effects on our measures
of currents and NLC. We view the perforated patch condition as the least
intrusive and thus the condition most indicative of normal cellular behavior.
Isolated OHCs from the organ of Corti of guinea pigs were obtained as
previously described (15). Long cells (~80 mm long) from apical turns
were chosen to allow reliable cable analysis. We used 5 mM chloride to
mimic the intracellular chloride concentration of the normal cell that we
measured previously (16). Prestin is sensitive only to intracellular chloride,
and to clamp intracellular chloride to 5 mM we needed to match inside and
outside chloride because the lateral membrane harbors a substantial chlo-
ride conductance (6). The bath solution contained, in mM, NaCl 5, Na
gluconate 135, CaSO4 2, MgSO4 1.2, and HEPES 10. Final solutions
were adjusted to 300 mOsm with D-glucose and pH 7.2~7.3 with NaOH.
The whole-cell patch pipette solution was the same as the extracellular so-
lution except with the addition of 10 mM EGTA. Loose patch electrodes
contained the bath solution with resistances near 1 MU. Loose patch elec-
trodes served as stimulating electrodes roving along the lateral membrane
of OHCs (Fig. 1), positioned ~20, 45, and 70 mm from the base of the
cell. To reduce cellular adhesion to the roving pipette, tips were treated
with trichlorosilane. Experiments were performed at room temperature
(22–23C). A Nikon Eclipse E600-FN microscope with 40 water immer-
sion lens was used to observe cells during the electrical measurements.
Axon 200B amplifiers were used for patch clamping, currents being
sampled at 10 ms with an Axon Digidata 1322 using jClamp software
(www.scisoftco.com). Voltage steps of 20 ms duration ranging from
–160 to þ160 mV with 20 mV steps were delivered via a loose patch elec-
trode. Perforated patch electrodes were used to collect current data. Re-
corded currents were filtered with a 10 kHz 4 pole Bessel filter. Current
traces were individually fit with single exponentials in jClamp. Initial
electrode resistance was 4–6 MU. Gigohm seals are reached before
decrease of patch resistance due to gramicidin perforation. With pipette
backfilling, time for establishing perforated patch whole-cell patch wasFIGURE 1 Schematic of OHC under voltage clamp with recording patch
pipette, while being stimulated with a roving loose patch pipette. The
enlarged section shows possible current flow from the loose patch electrode.
Beneath is a digitally captured image of an OHC during middle position
stimulation. To see this figure in color, go online.around 30–40 min. Rs for the perforated patch electrode was typically
15–25 MU, and was reduced by series resistance compensation to main-
tain a ~10 MU resistance. Similarly, after rupture of the perforated patch
and establishment of whole-cell recording, Rs was maintained near
10 MU. It was important to keep electrode series resistance uniform
among cell recordings because time constants are dependent on the series
resistance. Amplifier lag controls were not manipulated but were left at
minimum levels during Rs compensation. The recording protocol (perfo-
rated patch recording with apical, middle, and basal stimulation, followed
by whole-cell recording and roving stimulation) was quite demanding so
that many cells were lost before completing all recording conditions.
Whole-cell NLC was measured with the recording electrode using a
2-sine voltage stimulus atop a voltage ramp with subsequent admittance
analysis as previously described (17).
To investigate the effects of subsurface cisternae damage, OHCs were
incubated in extracellular solutions that contained 10 mM salicylate for
30–40 min. This time period of exposure has been shown to cause irrevers-
ible damage to the subsurface cisternae (3), thereby minimizing contribu-
tions of the SSC/ECS to our measures. Washout of salicylate was
performed before recording to alleviate its direct reversible effects on pres-
tin’s NLC (18,19).
Average responses for stimulation at basal, middle, and apical positions
for a range of step voltage commands included three cells where all
recording/stimulation configurations were successfully completed. Statisti-
cal tests included cells where less than the full paradigm was completed,
with numbers ranging from 3 to 10 (see Fig. 4 for numbers of cells used
for statistical tests). We were careful to ensure that electrophysiological
conditions (especially recording clamp time constants) were similar before
and after patch rupture. Results for perforated/whole-cell conditions (with
standard 10 mV pulse stimulation via the recording pipette) were
(mean 5 SE; n ¼ 3): Rs: 10.1 5 0.1 MU vs. 10.4 5 0.2 MU; Rm: 314
5 83 MU vs. 2565 87 MU; Cm 39.45 1.15 pF vs. 41.85 1.9 pF; clamp
t: 375 5 12 ms vs. 403 5 26 ms. These measures were repeated and re-
mained stable for each roving pipette stimulation configuration. For salicy-
late-treated cells, perforated/whole-cell conditions were (mean 5 SE;
n¼3): Rs: 10.5 5 0.2 MU vs. 10.4 5 0.2 MU; Rm: 267 5 36 MU vs.
262 5 42 MU; Cm 40.1 5 0.2 pF vs. 40.0 5 0.4 pF; clamp t: 401 5
9 ms vs. 3955 8 ms.Model
A lumped parameter model and a cable model of 47 sections that helped to
understand the data were implemented in MATLAB’s Simulink (The Math-
Works, Natick, MA) using Simscape and are schematized (see Figs. 5 a and
6 a). The cable model was a standard one-dimensional model similar to that
of Halter et al. (11) (see Results below). Though the length of the OHCs that
we modeled was short compared to typical cell lengths used for cable ana-
lyses, we found it beneficial to analyze in this manner to compare to previ-
ous results and help in defining current paths and resistances within the
OHC. An automation link between jClamp and MATLAB allowed us to
stimulate the model and analyze in jClamp, similar to the biophysical ex-
periments. Parameters were taken from the biophysical data as provided
in Results. Both whole-cell and loose patch NLC were modeled as
Cm ¼ Qmax ze
kT
b
ð1þ bÞ2 þ Clin;
b ¼ exp
zeðVm  VhÞ
kT

;
where Qmax is the maximum charge moved, z is valence, Clin is the linear
capacitance of the cell membrane and Vh is the voltage at half-maximalcharge. E, k, and T have their usual meanings.
To fit current transients to the cable model, we averaged traces across all
cells. Because the absolute magnitudes of the currents differed and we wereBiophysical Journal 108(3) 568–577
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currents to unity based on peak current, and then averaged and rescaled
to average magnitude. In this way, current shapes (tau) from all traces
contributed equally to the averages.RESULTS
Experiment
We investigated longitudinal charge movement within the
cell by recording with perforated patch clamp while simulta-
neously stimulating along the length of isolatedOHCs using a
loose patch electrode (Fig. 1), in a manner similar to that of
Anson and Roberts (14). Perforated patch recording leaves
the plasmamembrane unbroken but allows electrical continu-
ity with the whole cell (20). The enlarged, circled section in
Fig. 1 indicates possible current flow from the stimulating
loose patch electrode into the ECS or across the SSC into
the axial core of the cell. We found that loose patch stimula-
tion at all cell positions relative to the recording electrode
produced equally fast responses under the perforated
recording condition. Interestingly, we only observed single
exponential responses. For example, Fig. 2, A–C, shows
that time constants of induced current transients were similar
with basal, middle, and apical stimulation during perforated
patch recording conditions, regardless of voltage stimulation
magnitude. These data may indicate that charge movement
within and along the ECS is rapid. However, upon perforated
patch rupture with suction, and establishment of standard
whole-cell recording, time constants showed differences;
apical and middle stimulation showed slower responses,
and interestingly took on a clear voltage dependence arising
from the loosepatch’sNLC(Fig. 2,D–F).We take this to indi-
cate that the SSC was somehow altered either by washout ofA
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FIGURE 2 Time constants (t) of current responses induced by step voltages o
recording the electrode perforated patch. (A) Traces of currents measured during
Methods). Note that current responses have similar exponential decays. (B) A
average responses at each voltage for 3–10 cells. (C) NLC based on average fit
Traces of currents measured during apical, middle, and basal stimulation followi
are averages. Note that current responses now have differing exponential decay
clear voltage dependence. Circles depict average responses at each voltage. (F) N
figure in color, go online.
Biophysical Journal 108(3) 568–577cell constituents or washin of gramicidin, resulting in altered
characteristics of the cell’s cable properties. Whole-cell NLC
measured under these two conditions were similar (Fig. 2, C
and F), indicating that the large increase in time constants is
not due to a corresponding large increase inNLC of thewhole
cell. It should be noted that limiting time constants are
imposed by the patch clamp (roughly, RsCm) and in absolute
terms do not reflect cell capabilities. We only use these
measures as a tool to understand relative timing relationships
between conditions and between electrodes.
The incorporation of gramicidin into a membrane is a
fairly slow process; for example, up to 45 min is required
to obtain good series resistance of the perforated patch elec-
trode before beginning our experiments. Following patch
rupture, we required only ~10 min to complete the rest of
the experiment, though maintaining the cell for the complete
protocol was not guaranteed. Thus, little gramicidin is ex-
pected to incorporate with the plasma membrane and this
is evidenced by the maintenance of fairly high membrane
resistance in whole-cell mode (see Materials and Methods
for values). In any case, a reduction in membrane resistance
should speed up the electrical response rather than slow it
down, as occurred after patch rupture. Thus, we reasoned
that establishing the whole-cell condition by pipette suction
caused alterations to the SSC during washout/in. To test
this hypothesis, we transiently treated cells with salicylate,
which has been shown to irreversibly alter SSC ultra-
structure (3). The effect of prior salicylate treatment (30–
45 min) was to abolish the increase in time constants that
occur following patch rupture, as would be expected if the
SSC/ECS were altered before patch rupture (Fig. 3, A and
B). As with untreated cells, we were careful to ensure that
recording conditions were similar before and after patchD
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f the roving loose patch electrode before (A–C) and after (D–F) rupture of
apical, middle, and basal stimulation. Traces are averages (see Materials and
verage response tau across voltage stimulation magnitude. Circles depict
s (see Materials and Methods). Qmax, Vh, z: 2.95 pC, 59.7 mV, 0.61. (D)
ng recording electrode patch rupture into standard whole-cell mode. Traces
s. (E) Average response tau across voltage stimulation magnitude, showing
LC based on average fits. Qmax, Vh, z: 2.81 pC,43.2 mV, 0.60. To see this
A B
C D
FIGURE 3 Time constants (t) of perforated (A)
and whole-cell (B) patch responses following salic-
ylate treatment induced by step voltages of the rov-
ing loose patch electrode. Circles depict average
responses at each voltage for three cells. Note
similarity of time constants (t) before and after
establishment of whole-cell condition. (C) and (D)
show corresponding measures of average NLC
measured with whole-cell/perforated patch elec-
trode (Qmax, Vh, z: 2.94/2.00 pC, 39.0/9.2 mV,
0.55/0.68). To see this figure in color, go online.
Fast OHC Lateral Membrane 571rupture (see Materials and Methods). In these cells, NLC
before patch rupture was slightly less than controls not
treated with salicylate (compare Fig. 2, C and F with
Fig. 3, C andD). After patch rupture, NLC was shifted right-
ward and decreased somewhat (see figure legends for fits).
Fig. 4, A and B, compare the time constants obtained
at 60 mV steps and time to peak current (Tpk) at the
160 mV pulse, each at three locations, before and afterA B 
C Destablishing whole-cell conditions for cells without salicy-
late treatment. Statistically significant differences are found
at all stimulation locations (significance is given in plot).
The observations on current time constants are to a large
extent paralleled by measures of Tpk. That is, although
these metrics were stable across stimulus locations for the
perforated patch condition, they increased for the whole-
cell condition. For example, current spread latency betweenFIGURE 4 (A) Average time constants at
60 mV show little difference among roving
patch locations for the perforated patch condition,
but significant differences following whole-cell
recording. (B) Similarly, times to peak (Tpk) cur-
rent increase at apical and middle positions
following patch rupture. (C) For salicylate-treated
cells, time constants show no significant differ-
ences between perforated patch and whole-cell
conditions. (D) Tpk shows no significant differ-
ences at basal and middle positions; however, a dif-
ference was observed at the apical position where
Tpk was now shorter following patch rupture.
Number of cells is noted. Statistical significance
(p <; t-test), where present, between pre- and post-
patch rupture is shown for each location. To see this
figure in color, go online.
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basal and apical stimulation is on the order of only 3.4 ms
(53.3 þ/ 3.3 vs. 56.7þ/ 4.0 ms; p > 0.05), whereas
following establishment of whole-cell conditions the
spread significantly slowed to 41.1 ms (105.0 þ/ 14.5 vs.
64.4 þ/ 5.2 ms; p < 0.05). Fig. 4 C shows that no signifi-
cant differences are found in time constants for the salicy-
late-treated case, indicating that SSC alterations were
present both before and after patch rupture. TpK for salicy-
late-treated cells show no differences at basal and middle
stimulation locations (Fig. 4 D), but a significant difference
is found for the apical stimulation position. However, this
difference, namely that Tpk is shortened following rupture,
is opposite that observed without salicylate (see Fig. 4 B).
This may indicate an interactive action of combined salicy-
late and gramicidin.Models
Lumped parameter model
To understand our results, we constructed a lumped param-
eter model of the OHC, before and after establishing whole-
cell configuration (Fig. 5 A). The model parameters are
those actual averaged (see above) measures obtained in
perforated patch mode (condition 1) and whole-cell mode
(condition 2). Cp, the linear capacitance of the patch, and
patch NLC were set to 0.02 of the measured whole-cell
values. Rp, the patch resistance that was stimulated, was
set based on Halter et al.’s value of lateral membrane con-
ductivity, 0.001 mS/cm2 (11). This is reasonable, becauseBiophysical Journal 108(3) 568–577we have previously shown that the lateral membrane is
devoid of voltage-dependent conductances (21). Vh of the
loose patch was set to a 20 mV more depolarized value
than whole-cell or perforated patch Vh because the tension
provided to the patch (~1 kP) to increase loose patch shunt
resistance (Rsh) is known to shift Vh ~20 mV/kP (22). Rsh
was set to 5.0 MU. Rsp was set to 1.8 MU, based on mea-
sures of electrode resistance before cell attachment. Stimu-
lation was done as with the biophysical measures using
jClamp and Simulink. In the perforated condition, an inter-
vening resistance (Rinter) between stimulating and recording
electrodes of 10 MU or less produced results that resembled
our data (see below).
Fig. 5 B shows the time constants of evoked currents
when the model was simulated with parameters obtained un-
der perforated patch and whole-cell experimental condi-
tions. Though tau were similar in magnitude to our data,
no differences in tau are observed between the two condi-
tions, unlike the increase in voltage-dependent tau that we
observed experimentally. This means that the differences
observed between model and data are not due to the exper-
imentally observed changes in Rs, Rm, Clin, and NLC be-
tween the two conditions. Could unrecognized changes in
Rsp or Rsh have influenced our data? In Fig. 5, C and D,
we show the effects of altering Rsp (1, 5, 10 MU) and Rsh
(1, 5, 15 MU). No influence on tau was found. Changes
in Rsh can, however, alter the magnitude of the current
response, and thus could underlie differences between cur-
rent magnitudes found in whole-cell and perforated patch
recordings. Finally, we modified Rinter (10, 100, 300 MU)
and found an increase in voltage-dependent tau as a functionFIGURE 5 Lumped parameter model of OHC
under the experimental conditions. (A) Schematic
showing circuit and parameters of current
measuring and voltage stimulating pipettes. Model
was evaluated first under perforated patch (condi-
tion 1) and then under whole-cell (condition 2).
See Materials and Methods for details. Right
pipette is stimulating pipette. Parameters are taken
from actual biophysical data given in Results. (B)
With biophysical measures obtained under perfo-
rated patch and whole-cell condition, no differ-
ences in taus are observed. (C and D) Neither Rsh
nor Rsp affects the evoked current time constants.
However, interelectrode resistance has a profound
effect on them, producing results similar to the bio-
physical data, indicating that this resistance must
have changed upon entry into whole-cell mode.
To see this figure in color, go online.
Fast OHC Lateral Membrane 573of increasing resistance (Fig. 5 E). A value between 100 and
300 MU was required to simulate our experimental observa-
tions. It should be noted that the possibility of an induced
cross talk between recording and stimulating electrodes
following patch rupture is ruled out, because in the salicy-
late-treated controls, no increase in tau is found following
patch rupture.
Cable model
To hone in on the identity of the intervening resistance, Rinter,
we assembled a 47 section cable model (Fig. 6 A) similar to
the one devised by Halter et al. (11). We kept their basis
values for RL (0.001 mS/cm
2), Recs, Rax (70 U cm), and Rsc
(0.1 mS/cm2); however, in our case we included lateral
membrane NLC based on our measurements. Other values
were Rs 10 MU, Rp 1.8 MU, Rsh 3–12 MU, Cm 0.8 mF/cm
2,
Cb 3 pF, Ca 2pF, Rmb 300MU, and Rma 10 GU (high because
stereociliawere damaged by trituration during cell isolation).
ECS width was set to 30 nm. Similar to our experimental
measures, a 10 kHz 4 pole Bessel filter implementation in
Simulink was used on model currents.
As noted previously, we only observe single exponential
current transients in our experiments. Fig. 6 B shows thatthe cable model cannot reproduce our data if we use the
Rsc value of Halter et al. (11). The resultant pink solid lines
are not simple single exponentials, and whole-cell NLC of
this model (measured via the recording electrode) was sub-
stantially less than our biophysical measurements (Qmax:
1.35 pC vs. 2.95 pC). We must increase Rsc conductance
by three orders of magnitude (0.15 S/cm2) to fit our perfo-
rated patch data (black solid lines), and to simultaneously
obtain a value matching our normal whole-cell NLC values
(Qmax: 2.92 pC). This indicates that the SSC are highly
conductive, on the order of electroporated membranes
(23). To fit the data following patch rupture (Fig. 6 C), the
ECS resistivity had to be increased three orders of magni-
tude (70 kU cm); this apparent increase in resistivity could
instead indicate that the ECS space had collapsed or the
actual ionic strength of the space had decreased. Addition-
ally, Rsc conductance was reduced, as well (0.015 S/cm
2).
Thus, the intervening resistance, Rinter, of the lumped
parameter model corresponds to the Recs and Rsc compo-
nents of the cable model. Fig. 7 shows time constants and
NLC of the model using the perforated patch and whole-
cell parameters obtained by trace fits. Similarity to the bio-
physical data is clear (compare with Fig. 2). These resultsFIGURE 6 (A) Cable model with 47 sections.
Roving loose patch electrode was placed at section
2, 22, and 42 to mimic basal, middle, and apical
stimulations. See Model Results for parameter
values. (B) Rsc values based on Halter et al.
(11) (0.1 mS/cm2) could not fit data in perfo-
rated mode (pink traces); however, a value of
0.15 S/cm2 fit the data well (black traces). (C)
For the model to fit whole-cell data, Recs resistivity
had to be increased to 70 kU cm (black traces),
with Rsc conductivity set to 0.015 S/cm
2. To see
this figure in color, go online.
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FIGURE 7 Cable model time constants (t) of
perforated (A) and whole-cell (B) patch responses
induced by step voltages of the roving loose patch
electrode. Note increase in time constants (t) after
change from perforated patch parameters to whole-
cell parameters (see Model Results), and an
apparent rise in voltage dependency similar to
what is seen with the biophysical data. (C) and
(D) show corresponding measures of whole-cell
NLC measured with recording whole-cell electrode
(Qmax, Vh, z: 2.78/2.94 pC, 40.7/56.3 mV, 0.60/
0.60). Compare to Fig. 2. To see this figure in color,
go online.
574 Song and Santos-Sacchiindicate that under unperturbed conditions, with perforated
patch recording intact, the high conductance of the SSC fa-
cilitates voltage delivery to the lateral membrane. Cable
model results similar to the salicylate experiments were
obtained with ECS resistivity set to 70 kU cm and Rsc con-
ductivity of 0.03 or 0.026 S/cm2 for perforated patch or
whole-cell condition, respectively (model data not shown).
Finally, to evaluate the influence of SSC conductance on
voltage excitation of the lateral membrane, we used our ca-
ble model driven by current injection into the cell’s apical
axial core, mimicking receptor currents (Fig. 8). In the
absence of the SSC, frequency response magnitude is maxi-
mized, but phase is significantly changing at frequencies
below 1 kHz. With Rsc conductivity from Halter et al.
(11), significant reduction of frequency response magnitude
and large phase changes across the spectrum arise. By
increasing Rsc conductivity frequency response magnitude
is enhanced and phase behavior is flattened. Thus, electrical
transparency of the SSC tends to facilitate voltage delivery
to the lateral membrane.DISCUSSION
The mammalian OHC functions to enhance perception at
acoustic frequencies, even beyond 100 kHz in some mam-
mals. As a result, there is no doubt that the cell can produce
mechanical activity at high frequencies (24), nor is thereBiophysical Journal 108(3) 568–577doubt that the OHC’s stereocilia transduction apparatus
operates at high frequencies (25–27). Indeed, there is little
disagreement that cochlear amplification deriving from
OHC electromechanics works most efficiently at high fre-
quencies (28). Nevertheless the conundrum arising from a
voltage-dependent basis of amplification continues to garner
interest. The problem stems from the observed disparity be-
tween OHC resting membrane potential and the voltage
where maximal mechanical activity occurs (Vh) (13,27).
Should these two voltages overlap there would then be
less difficulty with an RC filter. Several mechanisms have
been postulated to understand why the RC filter should
not interfere with prestin activity at high frequencies. Previ-
ously, we envisioned three mechanisms that might help: 1),
because turgor pressure within the OHC shifts the voltage
dependence of NLC and electromotility (22,29,30), we sug-
gested that alterations in turgor pressure could align Vh and
resting potential (22); 2), because prestin charge density in-
creases in high-frequency OHCs (31,32), we reasoned that
the rising electrical energy delivered to the lateral mem-
brane could counter the reduced voltage drive; and 3), we
reasoned that the flux of chloride through the stretch-acti-
vated chloride conductance, GmetL, in the lateral membrane
could gate prestin’s chloride-dependent activity indepen-
dent of the membrane RC (6). Though the first two possibil-
ities remain tenable, the latter is unlikely, because we have
recently discovered that the effects of chloride on prestin are
FIGURE 8 Magnitude and phase of voltage drop across section 33 lateral
membrane of the cable model induced by 0.1 nA AC injection into the api-
cal axial core. Without SSC frequency response is maximal. Reduction of
Rsc from value based on Halter et al. (11) (0.1 mS/cm
2) tends to increase
frequency response and provide a flat phase response. To see this figure
in color, go online.
Fast OHC Lateral Membrane 575low-pass filtered by a slow intermediary state transition
(33). Others, as well, have developed theories on over-
coming the RC problem. These include 1), an intrinsic
high pass augmentation of receptor potentials due to pres-
tin’s piezoelectricity (34); 2), a reduction of the RC effects
by increases in membrane conductance (35); and 3), the
observation that OHC resting potential may be more depo-
larized than the original estimates made in vivo (27,36),
thus aligning resting potential and Vh (37).
Beyond the RC problem, however, ultrastructural special-
izations of the OHC lateral wall, namely the membranous
SSC and the restricted, femtoliter space (ECS) it establishes,
could provide isolation of the lateral membrane from axial
receptor currents. This potentially could lead to reduced
voltage drive to prestin motors embedded in the lateral
membrane. Our present data directly relate to this issue.Cable effects of the SSC
There has been a paucity of information on the electrical
role of the SSC, mainly arising from modeling results
of whole-cell electrical stimulation (11,38). Our experi-
ments were aimed at electrically exploring restricted regions
of the cell’s lateral wall. Our data and model analyses indi-
cate that the electrical transparency of the SSC promotes
uniformly fast stimulus delivery to the lateral membrane
motor, and therefore limits time-dependent, potentially
nonlinear, activation of the motors. Based on average
time to peak current measures between our apical and basal
stimulus electrodes in the perforated patch condition(3.5 ms; see Results), for a 55 mm distance, a conduction
velocity >150 m/s is obtained, and considering the high re-
sistivity of the lateral plasma membrane, likely promotes
isopotential conditions at any given acoustic frequency for
the range of OHC lengths found within the cochlea spiral.
This possibility was previously suggested because voltage-
dependent conductances are absent along the OHC lateral
membrane (21). The observation that damage to the SSC
alters timing along the length of the OHC may indicate its
high conductance is actively maintained. Indeed, the row
of mitochondria adjacent to the SSC may play a role,
because the washin of gramicidin following perforated
patch rupture may uncouple mitochondrial oxidative phos-
phorylation (39). It is noteworthy that salicylate can also
uncouple mitochondrial oxidative phosphorylation (40).
We are currently evaluating the effects of other mitochon-
drial perturbations on SSC conductance.
Interestingly, in the model of Halter et al. (11), ECS cur-
rent was found to exceed that within the cell’s axial core,
possibly pointing to unusual differences in resistivity be-
tween ECS and axial cytoplasm as also suggested by Fari-
nelli et al. (38). Nakagawa and Brownell (12) have used
the voltage-dependent dye, di-8-ANEPPS, to observe high
frequency phase differences between OHC basal and lateral
membrane voltages, which they attribute to the effects of a
higher resistance of the axial core than ECS. Of course, this
is counter intuitive based on the cross-sectional area of the
ECS. Indeed, even fluorescent dye diffusion is somewhat
slower in the ECS than in the axial core, though, of course,
dye spread may not necessarily correlate with current spread
(41). We were able to obtain single-exponential behavior of
currents with our cable model if we set Recs resistivity to
0.7 U cm, while maintaining the higher Rax resistivity at
70 U cm and Rsc conductivity at 0.1 mS/cm
2. However,
typical values of cytosolic resistivity range between ~30
and 600 U cm (42), and considering the geometry of the
ECS, this would mean that the ionic strength of the space
would be enormous. It could be that the abundance of pres-
tin within the lateral membrane, estimated to be up to 10
million copies based on nonlinear charge movement (43),
contributes to a higher ionic strength in the ECS by virtue
of its transport capabilities (44–46). Nevertheless, we
consider it more reasonable to have the SSC highly conduc-
tive, possibly due to fenestrations, or vesiculations that may
require work to maintain, because phospholipid bilayers
tend to assume planar configurations (47). In this scenario,
we might expect the performance of the OHC to be depen-
dent on the energetics required to maintain an unusually
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